MAGNETIC OPTICS FOR PROTON RADIOGRAPHY -

C. Thomas Mottershead and John D. Zumbro, Los Alamos National Laboratory,
Los Alamos, New Mexico 87545

Abstract cut apertureghus opens the possibility afiscriminating
material type as well as density.
High energy protons of 10 to 3BeV can be used to

radiograph densebjects. Becausethe transmittedbeam 2 THE IDENTITY LENS
particlesundergomultiple coulomb scattering (MCS) in ) . . .
the object, a magnetic lens systemuied tofocus the The first-order transfematrix R of an imaging lens
particles exitingeachpoint of the object onto alistant Maps a particle with initiatoordinates(x, 6) to a final
image plane. Without the lens, the MCS would serioughpsition Xy = Ry;X + K. Point-to-point imagingneans
blur the radiographic image. Correlations canirtduced Ri> = Rg4 =0, so the final position isndependent of the
in the illuminating beam taancel amajor part of the initial angle. Thisrequires atleast aquadrupoledoublet.
chromatic and geometric aberrations in thiens, while One-to-one (invertedimaging, meaningRj; = Reg = -1,
providing locations inside the lens where the rays are sorfgguires atleast a triplet, butquadruplets arepreferred

by MCS angle. This allows the introduction of angle cWbcausethey canproducethe same beam excursions in
apertures to aid material identification. Tieguirement for )., planes.

a matchedmultistage lens system witfsuccessively A quadrupolebeamline is reflection symmetric if its

smaller. angle-cuspertures leads tehe use of minus- ;%;acondhalf is the mirror image of the first half, meaning

identity (-1) lenses, in which the angle sorting is in th . . :
longitudinal mid plane of the lensnd the exit beam the sequence oflrifts and quads idraversed inthe reverse

correlations are the same as the input correlations. A sirf%j’@er andwith the opposite signs for the magnefields.
stage -l lens has been successfi#igted at BrookhavenThe symmetryforces Rgy =R, and Riz3=Ry; so a
with 10-GeV protons and another is being usedyinamic reflection symmetric lens always focuses simultaneously
experiments with 0.8-GeV protons at Los Alamos. Tl both planes. It alsforces Ry = Ry, and Ry = Ryy,
resolution achievable at higher energies is briefly surveyed the 1:1 conditiomccurssimultaneously in botiplanes
as well.. Russian quadruplets [2,3] of the forfB+B-A
1 PROTON RADIOGRAPHY are an example of reflection symmetry.

A proton beam passing through alense If the first half of the beamline is itselfeflection
homogeneous object of material (Z,A) depleted by symmetric, then theecondhalf is the same as the first,
removal collisions, with an attenuation lengtland the lens consists of twentical cells. In this case, if
At = (naT)_l dependent otthe density n  of nuclei, angthe transfer matrix of one cell M, that of the whole lens

) ] A2/3 o is given (in each plane) by the 2x2 matrix identity
the totalnuclearcross sectior®T . The surviving R=M2=-|det(M)+1M, )

protons undergo millions of small coulombscatterings _ _ .
that produce a roughly gaussian angular distribution at Iaerer_: Tr(M) =My + Mg, is _the traC(_a of M. The
exit surface of the object. The half-width, in milliradiang€terminantdetM =1 for beamline matrices. When the
of this multiple coulomb scattering (MCS) exit cone [1] i§ace T =0, we have an identity lengith R=-1.
141 L O oL 0 An identity lens preserves beam correlatibesause
— . | 1 . . .
=— ‘;—g+§loglog—% (1) the outputphase space is an invertedpy of theinput.
PB \ Lr B Lr Therefore multistage systemscan be built by simply
where p isthe beam momentum in GeV/c, L is the patstacking identical identity lenses in series. Sinde
length through the objecand L, O Z?/A is theradiation commutes with everything, including @rift matrix, an
length of the material. Appropriateeighted averages foridentity lens actually images an entire 3D volume
the path length ratioare applicable to real inhomogenoussurrounding the object.
objects. The protomadiographicimage is formed by a In the simplest case, the céll is a doubletdefined
magnetic lens downstream of the object. The lens refocuggsomy four parameters: the outside drifts, the inside
the MCS exit cone from each point of the objeatk t0 a yitt s~ petweenthe quads, andhe lengthand strength

correspondingpoint in the detector plane. A second L,+G) of the two quads.Any one of thesecan be
requirement on the magnetic optics is to provide a Iocatign" ANy

where the rays are sorted by MCS angle, so an apertureagdHSted to set=0.
block thelarger angles. Points in the image&here the
aperture will pass the entire exit cone wouldubeffected, 3 CHROMATIC CANCELLATION

but other points, having angular widthgreaterthan the The chromatic aberration coefficierdsfinethe final
aperture acceptance, would becorded with reduced position errors for particles off the design momentum. The
intensity. A series of radiographs made with different anghaatrix elements irgeneralare functions of thefractional
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momentumdeviation 2 =%/ P so the final position of because the lens is focused wifB) = 0. Therefore

an off-momentum ray with initial coordinaté: ©) is , _ Ry  +WRp'= 7' (Mg + WMy5) =0, ©
Xs = Rll(A)X"' R12 (A)B implying thatafterthe first cell, the position of theays
epends only o, not on X. is is angle sorting:
3 d ds only orp This i | i
Suppose now that the initial beam is strongtyrelated, Xmid = (M1 +WM5)X+ Mpp¢p = Mo . (10)
as if it camefrom a (virtual) pointsource a distance L
upstream of the entry plane of the lens. Sucheam 5 THE ILLUMINATING BEAM
ould lie along the line®=WX in phase spaceyhere
V\Yv: L_ll g ! np pacey The requiredphase space correlatioase provided by

is the beam correlation coefficient. Realticles 5 matching section just upstream of the object. This
exit the object at anglg :V"X+¢, where ¢ represents section must also expand the beam to fully illuminate the
all deviations from the correlation line due to both MCS field-of-view. The expansion isprovided by either a
the objectand non-zero emittance irthe illuminating diffuser, or aguadrupoldens, whichincreaseghe angular
beam. To firstorder in A, the final position ofthis size of the beam as it enters a long drift. OtHarger

particle is (primes indicate momentum derivatives): guadrupoles then adjust the beam parametebe$o fit the
X; = Ry X+ R0 + (R, +WR,,' )XA + R, ¢A + (4) required correlation lind = WX in each plane. In the usual
If we choose the correlation coefficient w so that beam moments notatiof X0 >= —-a& and < x% >= Be

Ri'+WR,'=0, or w=-Rj' /Ry’ ©)
all position dependentchromatic aberrationganish. The
contribution of the Rj;'=Ty;5 (TRANSPORT notation)
term is canceled by the principal coefficient <? >= )
Cy =R’ =Ti. With R, =0, and Ry = -1, the final line. The minimum is <% =B/¢  obtained when
position is a =-WB The residual incident emittance anghee added

X ==X+ C,0A. (6) in quadrature tathe multiple coulomb scatteringngles

The remaining chromatic aberratialependsonly on the Produced by the object.
deviation angle¢. We call a beam with thigorrelation

chromatically matched. K. Brown [4] has pointed out that 6 THE BROOKHAVEN EXPERIMENT
R11'=T116 Vvanishes if thediagonalelements ofM are The first test of such a system wearriedout in
zero. Thisrequires 3 or 4quadsper cell, but has the Experiment 920 aBrookhaven National Laboratory in

advantagethat parallel illumination withw=0 is the July 1996. Available 8Q4§uadrupolesunning near their
matched beam. maximum field of 12.5 T/m were set up as an identity

lens. Another 8Q4&nd apair of 12Q30quadswere used
4 ANGLE SORTING for the matching lens to properly illuminate the object out
to 7 cm from the axis. Fig.1 shows the layout, withxes
indicating the locatiorand size of thequadrupoles, and
vertical lines marking the objeendimage planes. A 3
m tantalum plate wassed to spreathe 10 GeV test
eam into an 18.6m drift. Two sigma beam envelopes in x
nd y from this diffuser are shown. Fig.2 shows a log-ratio

where e is the beam emittance. The fifamust be set to
producethe requiredbeam size. Thend is adjusted to
minimize the mearsquaredeviation from the correlation

The angle cut aperture must placed wherehe rays
arecompletelysorted by MCSangle. This alway®ccurs
in the midplane of a chromatically matched identity lens.
M is the transport matrix of the first celq.(2) gives the |
matrix elements of the whole lens for off-momentur

particles: _ attenuation image of a tungsten step wedge takenthiih
Rix(8) = -0 +T(4)Mj(4). () J|ens. The image is 15 cnsquare, bounded by the
The momentunderivatives ofthese at the origind =0 jntersection of twoelongatedellipses, which are the
are images of the limiting beam pipe frodifferentlocations
&R in the x and y planes.
ik 7”( = jkg‘*l’ ik :TIMjk’ (8)
dA |40 da A=0
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Figure 1: Beam BEpander and IdentitLens set pin the Al beam line at the AGS.
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Figure 4: Field of View of BNL Lens (cm)

Figure 2: Exerimental Imge ofa Tumgsten Stp Wedge.

7 FIELD OF VIEW ) . (C,,C)) )
energy. The chromatic coefﬂmen‘sx’ Y’ scale with the

The field-of-view (FOV) is an importanmeasure of o\ eraj| length of the imaging lens. Shortening the lens
the performance of anagnetic lensHere we define the requires higher field gradients, suggesting the use of
FOV as the maximum initial x or goordinatethat a superconducting quadrupoléBhe FOV scales with the
particle can havandstill travel all the way through theaperture ompole tip radius a ofthe quadrupolesFor an
lens without striking a limitingaperture. This clearly estimate of lens performance at high energy, assume a pole
depends on the initial angfé = WX+ ¢ making the FOV tip field of B=5 Tesla, a focal standoff drift of f=2m, and no

a function of the deviation angl¢. Fig 3 showsmatched space betweethe quads in acell. For aperture a, the

spaced at 2 cm in the object plane of Breokhaventest acchieAvefocus, and plot in Fig. 5 the chromatic error
lens. Note the angle sorting at the midplane. The x? ~vs. a (roughly the FOMiameter)for a series of
position at z of aray with initial coordinates(x,¢) is €nergies:10, 20, 30, 50,and 100 GeV. Thechromatic

: . error scale is for a reference object which

10. % ' % produceép =10mR and4=0.01 RMS at 10 GeV. The error

rises with aperture because G decreases, requiring longer
qguadsbut is below 0.1 mm with a 15cm FOV ftinis
object at 50 GeV..

-10.3 = i
+ + + 10 GeV
0. 4. 8. 12. 16 1 +
z(meters) 100

30 GeV
given [5] by the "sinelike" and "cosinelike" rays

10-1 4+ /—/_,’m”i_
z) = M15(2), and C(z) = My4(2) characterizinghe map 3 "
out to z. Theray that just reachesthe limiting aperture //m“‘/—‘

Figure 3: X-plane Ray Traces in the BNL Al Identity
Lens

Chromatic Error C¢A (mm)

a(z) atzis " . . . ‘ .
Xap(2) = (a(2) - S(2)9) / (C(2) + WS(2)) (11) R A
. . . Quad Aperture 8 = B/G (cm)
The FOV is the largest possible x for edfh This is the Figure 5. Scaled Chromatic Blur vs. Quad
smallest Xap(2) for any z, and may be obtained by a Aperture

numerical search. Fig. 4 shows this function for the BNL
lens with and without the matching correlation. The
endpoint of both curves at 13 mR tlee maximumangle ACKNOWLEDGMENTS
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